Evidences of pure spin current are indistinguishable from those of many parasitic effects.
A pure spin current has the unique attribute of delivering spin angular momentum with a minimal of charge carriers, thus generating least amount of Joule heat as an electronic spin current in a metal and negligible heat as a magnonic spin current in an insulator. Pure spin current phenomena were first explored theoretically and experimentally in the 1970's by Dyakonov, Perel, Monod, Janossy, Silsbee, and others, with the realization of spin Hall effect (SHE) 1 , spin pumping (SP) 2, 3 , non-local lateral spin transport 4 , and thermal spin injection in rapid succession. In recent years, there has been intense interest in exploring pure spin current phenomena and switching of magnetic devices using spin orbit torques. The main schemes for generating pure spin current remain the same, but the exploration has been extended beyond metals and ferromagnets, to materials that include antiferromagnets 5 , topological insulators, two-dimensional materials, and materials that harbor Rashba-Edelstein effect 6 . However, the large variances of key parameters, including some claims of spin Hall angle larger than 1 6 , suggest that the evidence of pure spin current requires closer examination.
In SHE, a charge current jC in a non-magnetic metal with strong spin-orbit coupling (SOC) generates a pure spin current jS ∝ θSH jC × σ in the perpendicular direction, with the spin index σ in the transverse direction perpendicular to both jC and jS,
where θSH is the spin Hall angle with a magnitude less than 1, specifies the efficiency of the charge-spin conversion. Some heavy metals (HMs) have large positive (Pt and Pd) or negative (W and Ta) θSH values 7, 8 , but all must adhere to |θSH| ≤ 1. More often, one uses a ferromagnetic (FM) material to inject a pure spin current by SP via ferromagnetic resonance (FMR) 7, 8 , or by longitudinal spin Seebeck effect (LSSE) via a temperature gradient 5 . In both cases, the direction of the FM magnetization M sets the spin index σ of the pure spin current.
Since a pure spin current defies detection by the usual electrical means, one indirectly measures the pure spin current after converting it into a charge current or a DC voltage by the inverse spin Hall effect (ISHE) 7, 8 using a HM with a substantial θSH.
Although the ISHE process would give rise to a voltage in the detecting HM layer, a voltage measured in an actual experiment may not be exclusively that of spin-to-charge conversion. Ascertaining pure spin current contribution is one of the essential challenges in pure spin current phenomena. Consider the numerous SP experiments in Pt/Py, the most widely studied system, where permalloy (Py) = Ni81Fe19 is a FM metal, the reported values of the ISHE voltage and θSH span more than two orders of magnitude 9, 10 ; sometimes with the opposite sign for the same metal, e.g., in Ta/Py 10 and Ta/YIG 8 . In SP experiments in NM/FM metal bilayers, there are many parasitic effects 11, 12 . The microwave driven GHz magnetization precession at the FMR induces not only rf charge current but also a dc current due to rectification 11, 12 , leading to a spin-polarized current rather than a pure spin current. As a result, anisotropic magnetoresistance (AMR), anomalous Hall effect (AHE), and planer Hall effect, etc., also contribute to the voltage, but their contributions in actual SP experiments are difficult to extract 11, 12 .
In addition to the rectification effects, unintentional but unavoidable heat generation in FMR has been noted since the 1970's 13 but rarely taken into account.
Recently, Yamanoi et al. 14 show that FMR generates a very large temperature difference across the sample of as much as T = 12 K, which is larger than those in most thermal spin injection experiments. Furthermore, the temperature gradient increases with the microwave power, thus unavoidable in any SP experiment 14 . As a result, all the heatrelated contributions, not only anomalous Nernst effect (ANE) in FM metals 15 We show in this work that the parasitic contributions, not only substantial, can even overwhelm that of the pure spin current. We propose and demonstrate several criteria with which one can validate the spin current contributions. More importantly, we show that the FM metals are unreliable, whereas the FM insulators are far better, pure spin current injectors. Finally, we address the key question of whether coherent magnetization precession (resonance) injects pure spin current in the SP experiments as theoretically proposed.
In most pure spin current phenomena and devices, one employs HM/FM bilayers deposited on a substrate. A pure spin current jS, driven across the HM/FM interface, is detected by the ISHE in the HM layer. As such, the sign of the ISHE voltage must adhere to that of θSH of the HM. If the pure spin current has been blocked, or if there is no HM, there should be no ISHE voltage. Thus, the minimal criteria we propose include;
(1) Two HMs with opposite θSH must exhibit ISHE voltages of opposite signs. (2) The ISHE voltages must vanish when an insulating layer (e.g., MgO, SiOx) has been inserted in the structure to block jS. (3) There should be no ISHE voltage without the presence of the HM layer. This seemingly trivial criterion is designed to reveal parasitic effects unrelated to ISHE. Also essential, when the "pure spin current" has been generated by motion of charge carriers, including both SP and LSSE experiments, heating is unavoidable and its consequences must be addressed. Because HM/FM bilayer has been deposited on much thicker substrate, any heat generation would cause an out-of-plane temperature gradient zT 15 , whose consequence must be determined.
We first examine the pure spin current injection in HM/Py bilayers, the systems of numerous SP experiments. We use thermal spin injection by applying a temperature gradient zT, in the out-of-plane direction to highlight the heat related parasitic effects. 11, 12 . Since most of the parasitic effects are the results of the movement of charge carriers, one can rid these effects by eliminating the charge carriers.
As we show, the FM insulators, such as Y3Fe5O12 = YIG, with no charge carriers are far better pure spin current injectors 5, 7, 8 . In addition, YIG is also well known to have the lowest damping of magnetic materials, metals or insulators 7, 8 . In the following, we discuss spin-to-charge conversion using YIG.
In W/YIG show a switching loop at low fields. This is due to the domain structure of bulk YIG substrates unrelated to spin current 17 . Indeed, YIG has been used to inject pure spin current into Au, Ta, Cr, Py, Au-Ta alloys, etc., with consistent results and always revealing the correct sign of the θSH of the detected metal. After taken into account spin diffusion length and spin mixing conductance, one can quantitatively determine θSH. We
show that pure spin current phenomena can be reliably pursued using YIG as a spin current injector in thermal injection. There have also been SP reports using HM/YIG 7, 8 .
With the absence of most parasitic effects, the results are much more consistent, including revealing the correct sign of θSH of the HM.
We next address the origin of spin pumping. When SP was first explored in the 1970's, the Monod, Janossy and Silsbee (MJS) model considers microwave driven electron spin diffusion 2, 3 . In 2002, Tserkovnyak, Brataas, and Bauer (TBB) proposed coherent SP by FMR that occurs at a fixed frequency, involving GHz coherent precessing of magnetization of a ferromagnet transferring spins (pure spin current) into an adjacent normal metal layer 18 . This leads to an enhanced Gilbert damping (torque) of the FM layer due to spin backflow from the interface 18 . Coherent SP is also simpler to model thus more appealing. While some SP experiments have subscribed to coherent SP, others have argued that the observed enhancement of Gilbert damping in NM/FM bilayers may have resulted from microwave induced heating effects 19 and the modified magnetization and magnetic anisotropy of the FM layer and NM due to magnetic proximity effects 20 .
Recently, it has been found that there is no relationship between the spin mixing conductance deduced from the enhancement of Gilbert damping and the ISHE voltage 21 .
These results indicate that the enhanced damping and the measured ISHE voltages in the SP experiment may not be attributable to spin current.
We seek experimental evidence for coherent magnetization precession (resonance) induced pure spin current. One unique characteristic of coherent spin current is that it is temperature independent 18 . This feature of coherent spin current is in sharp contrast to that of incoherent thermal magnon current, which reduces with decreasing temperature, and vanishes at zero temperature 5, 22 . Thus, the telltale sign of coherent spin injection can In summary, because the evidence of pure spin current injection can only be indirectly measured by spin-to-charge conversion via the ISHE, the evidences need to be carefully analyzed. We propose several criteria with which one can experimentally 
